Purpose The dose intensity of doxorubicin (DID) is important to the survival of diffuse large B cell lymphoma (DLBCL) patients. However, due to expected toxicities, most elderly patients cannot receive full doses of anthracyclines. The purpose of this study was to evaluate the effect of DID on the survival of elderly DLBCL patients (age ! 70 years) in the rituximab era.
Introduction
The incidence of diffuse large B cell lymphoma (DLBCL) increases with age, with approximately 40% of patients aged over 70 years [1] . Further increased incidence of DLBCL is projected since life expectancy has grown worldwide. Combination chemotherapy has improved the prognosis of DLBCL; before the rituximab era the standard treatment included cyclophosphamide, doxorubicin, vincristine, and prednisolone (CHOP) [2] . While CHOP has improved the treatment outcome, many studies have shown that elderly patients with DLBCL had a low survival rate because of poor performance status, comorbidity or reduced dose of doxorubicin [3, 4] . Whether DLBCL in elderly patients is associated with a specific genetic abnormality or histologic characteristic is not yet clear [5] . Elderly patients have a decreased ability to tolerate treatment and are more vulnerable to the toxic effects of chemotherapy such as doxorubicin than younger DLBCL patients. Dose reduction of doxorubicin may lead to [6, 7] .
Rituximab, a chimeric monoclonal antibody against the CD20 protein has demonstrable efficacy in DLBCL patients [8, 9] . Rituximab combination therapy has dramatically increased treatment outcomes. Several studies have indicated that the addition of rituximab to CHOP (R-CHOP) increased cure rates by 10%-15% in elderly patients, hence R-CHOP has become the new standard treatment [8, 10] . Dose intensity of doxorubicin (DID) was important before the rituximab era [6, 11] ; however, few studies on proper DID are found in the literature.
To the best of our knowledge, few studies analyzing the effect of doxorubicin dose on treatment outcomes in elderly DLBCL patients in the rituximab era have been reported. The purpose of this study was to analyze the treatment outcomes of elderly patients who were treated with R-CHOP according to the DID.
Materials and Methods

Patients and treatment
We conducted a single center retrospective analysis of DLBCL patients treated with R-CHOP at the Seoul National University Hospital between December 2003 and October 2011. Inclusion criteria were (1) pathologically confirmed DLBCL patients according to World Health Organization criteria by specialized hematopathologists (Y.K.J. and C.W.K.) [12] ; (2) patients who received first-line therapy with R-CHOP. Full dose R-CHOP consisted of 375 mg/m 2 rituximab, 750 mg/m 2 cyclophosphamide, 50 mg/m 2 doxorubicin and 1.4 mg/m 2 vincristine on day 1, and 100 mg oral prednisolone on days 1-5 of each cycle. The combination treatment was repeated at 3-week intervals. Patients who received radiotherapy, surgery, and chemotherapy other than R-CHOP were excluded. We analyzed 433 DLBCL patients who initially received R-CHOP. Patients aged ! 70 years were regarded as elderly. Response was assessed on the basis of the modified International Workshop criteria [13] .
Measurement of dose intensity
The dose intensity of the agent was calculated by dividing the total received dose by the number of weeks of treatment [7, 14] . The patients were stratified according to age and DID. The standard DID was 16.7 mg/m 2 /wk. All study patients received over 6.7 mg/m 2 /wk of doxorubicin (40% dose reduction from standard dose).
Statistical analysis
The chi-square test was used to compare the percentage between two groups by age or DID. Survival analysis was performed using the Kaplan-Meier method and tested using the log-rank test. Overall survival (OS) was defined as the time from diagnosis until death or the last follow-up. Progression-free survival (PFS) was defined as the time from first day of treatment until disease progression. We used multivariate Cox regression analysis to evaluate prognostic factors affecting survival. p-value of " 0.05 was considered as difference. The study protocol was approved by the Institutional Review Board (IRB) of the Seoul National University Hospital (IRB No. H1-406-001-583). The study was conducted in accordance with the Declaration of Helsinki.
Results
Patient characteristics
Of the 433 patients, 83 (19.2%) were aged ! 70 years and 350 (80.8%) were younger than 70 years. The clinical features are shown in Table 1 . There were no significant differences Values are presented as number (%) unless otherwise indicated. CR, complete remission; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; OS, overall survival.
Progression-free survival 
OS by age group
OS of the patients with DLBCL who received R-CHOP was analyzed according to age group. Age-specific 2-year OS rate was decreased with age in patients aged ! 70 years, below 70% (Fig. 1). 
Treatment outcomes by DID
Approximately 53% of elderly patients received doxorubicin at 11.7 mg/m 2 /wk < DID " 15.0 mg/m 2 /wk (Table 2) . Twenty-four patients (aged ! 70) used prophylactic granulocyte-colony stimulating factors, 87.5% of them received DID ! 10 mg/m 2 /wk. We analyzed treatment outcomes according to DID in the two age groups as shown in Table 3 and Fig. 2 . DID did not have an effect on complete remission (CR) rate, disease progression and death rate in patients aged ! 70 years, however significant differences were observed in the younger than 70 year age group. Two-year PFS and OS showed significant difference according to doxorubicin dose intensity (DID " 10 mg/m 
Prognostic factors and cause of death in elderly
We utilized univariate and multivariate analyses to determine the effect of prognostic factors (B symptom, Ann Arbor stage, performance status, lactate dehydrogenase [LDH] level, number of extranodal sites, IPI score, bone marrow involvement, bulky tumor, and DID) on treatment outcome. Performance status, B symptom, IPI score, LDH level, and Ann Arbor stage, DID were identified as significant prognostic factors in univariate analysis. Performance status was the only prognostic factor associated with poor survival rate in multivariate analysis (Table 4) .
Causes of death in elderly patients are shown in Table 5 . Disease progression and treatment related mortality such as sepsis and bleeding were the major causes of death in elderly DLBCL patients, regardless of DID. 2 /wk of DID showed insignificant difference in PFS and OS. CR rate and disease progression rate were similar regardless of DID; however, survival outcomes improved with more than 10 mg/m 2 /wk of doxorubicin in patients aged ! 70 years. Patients younger than 70 showed significant difference in CR rate, disease progression rate, and treatment outcomes by DID.
Discussion
DID was not associated with treatment related mortality. The reason for this finding was assumed to be the small number of expired patients (n=46). The cause of death was unknown in 21.3%. Performance status was an independent prognostic factor in multivariative analysis, and the elderly patients had a poorer performance status than young patients, which was in agreement with past studies [15, 16] .
A previous study which analyzed treatment outcomes according to DID before the rituximab era reported that patients with DID ! 10 mg/m 2 /wk had better treatment outcomes than DID < 10 mg/m 2 /wk in elderly patients with DLBCL [7] . A recent study showed that low-dose CHOP (mini-CHOP) plus rituximab was effective and safe in DLBCL patients aged ! 80 years [17] . Our study showed that DID can be reduced; however, maintenance of DID ! 10 mg/m 2 /wk was necessary in elderly DLBCL patients in the rituximab era.
Doxorubicin is essential to CHOP or R-CHOP. However, elderly patients could not receive full dose doxorubicin due to myocardial toxicity. A recent study showed that elderly DLBCL with CHOP or R-CHOP had an increased risk of cardiovascular disease, such as congestive heart failure, cardiomyopathy and acute myocardial infarction [18] . Several studies were conducted with additional alternate anti-cancer drugs such as bleomycin, and pixantrone, to reduce the myocardial damage of doxorubicin-based chemotherapy in elderly patients. However, they were less effective or no more beneficial than CHOP [19] [20] [21] [22] . It is thus important to determine the tolerable dose of doxorubicin that achieves comparable treatment outcomes.
Our study had some limitations. First, it was a retrospective, single center study on a small patient population. Additional studies are required to differentiate between elderly and young patients. Second, there is no consensus on the definition of 'elderly' among DLBCL patients. According to the IPI, age ! 60 years was a poor prognostic factor [23] . Several studies evaluating the effect of age on prognosis showed that > 70 years was a significant adverse factor [24] . We analyzed treatment outcomes according to the 70 year definition. As life expectancy increases, a consensus on the definition of 'elderly' is necessary and follow-up study is needed. However the strength of our study lay in the comparison of treatment outcomes according to DID in several subgroups.
Conclusion
DID was required at a minimum of 10 mg/m 2 per week in elderly patients with DLBCL in the rituximab era. Despite improved survival outcomes by the introduction of rituximab, maintenance of DID was still important to the treatment of elderly DLBCL patients.
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